Orofacial clefts (OFCs) are the most frequent craniofacial birth defects. An orofacial cleft (OFC) occurs as a result of deviations in palatogenesis. Cell proliferation, differentiation, adhesion, migration and apoptosis are crucial in palatogenesis. We hypothesized that deregulation of these processes in oral keratinocytes contributes to OFC. We performed microarray expression analysis on palatal keratinocytes from OFC and non-OFC individuals. Principal component analysis showed a clear difference in gene expression with 24% and 17% for the first and second component, respectively. In OFC cells, 228 genes were differentially expressed (p < 0.001). Gene ontology analysis showed enrichment of genes involved in β1 integrin-mediated adhesion and migration, as well as in P-cadherin expression. A scratch assay demonstrated reduced migration of OFC keratinocytes (343.6 ± 29.62 µm) vs. non-OFC keratinocytes (503.4 ± 41.81 µm, p < 0.05). Our results indicate that adhesion and migration are deregulated in OFC keratinocytes, which might contribute to OFC pathogenesis.
Introduction
Orofacial clefts (OFCs) are among the most frequent congenital anomalies with a prevalence of about 8 per 10,000 live births worldwide [1] . OFCs not only cause functional problems pertaining to feeding, hearing, speech and dental functioning, but also negatively affect facial appearance, psychosocial wellbeing and social integration. The majority of OFCs occur as an isolated disorder, however OFCs can also be part of a syndrome [2] . Genetic as well as environmental factors contribute to the aetiology of OFC [2] .
OFC is caused by a developmental failure in the fusion of the primary palate (cleft lip and cleft primary palate), the n secondary palate (cleft secondary palate) or other areas of the face. Palatogenesis takes place between the 6th and 12th week of human development and involves subsequent outgrowth, elevation, adhesion and fusion of the palatal shelves followed by removal of the medial edge epithelial seam (MES) [3] . Studies in mouse models show that clefts develop following (1) failure of palatal shelf outgrowth, (2) fusion of a palatal shelf with the tongue or mandible, (3) failure of palatal shelf elevation, (4) failure of the palatal shelves to adhere to each other and (5) persistence of the MES [4] . The coordinated regulation of cellular functions, such as proliferation, differentiation, adhesion, migration and apoptosis, is vital for palatogenesis [3] . Proliferation is essential for palatal shelf outgrowth. Differentiation, migration, adhesion and apoptosis are required for fusion of the palatal shelves. A failure of the palatal shelves to adhere, as well as premature adhesion of the palatal shelves to the mandible, the tongue or the oral epithelium can impede proper fusion of palatal shelves end lead to a cleft palate. The embryonic oral cavity is lined with the periderm, a single layer of flattened epithelial cells covering the embryonic epithelia [5] , which provides a non-sticking barrier to prevent aberrant epithelial adhesions [3] . Prior to adhesion of the palatal shelves, periderm cells disappear through desquamation [6, 7] and possibly also through migration to the oral and nasal side of the palatal shelves [8, 9] exposing the medial edge epithelium (MEE). Following epithelial cell intercalation, the MES cells disappear by extrusion and possibly apoptosis allowing the formation of a continuous palate [8] [9] [10] . Current evidence confirms that periderm cell migration prior to MEE cell adhesion is crucial for successful palatogenesis [8, 9] . Hence, disruption in either or both of these processes can lead to a cleft palate.
Optimal cell migration is characterized by the intermediate state of cellular adhesion. At a low adhesive state, cytoskeletal forces easily break the cell-ECM attachment so that cells fail to generate the traction required for locomotion, whereas at a high adhesive state, cytoskeletal forces are not strong enough to break the cell-ECM attachment [11] . At an intermediate adhesive state, cytoskeletal forces are in balance with adhesion so that traction can be maintained at the front, while it can be disrupted at the rear of the cell, allowing forward cell body movement [11] . In other words, cells are unable to migrate if they are either too strongly attached or not attached to the ECM, requiring intermediate adhesion for optimal migration.
In vitro studies demonstrate that human palatal fibroblasts from OFC patients exhibit an abnormal phenotype with respect to ECM synthesis, expression of TGFβ isoforms and response to retinoic acid compared with non-OFC palatal fibroblasts [12] [13] [14] . Fibroblasts from a subpopulation of OFC patients also have a faster migration rate in a scratch assay [15] . However, studies on differences between non-OFC vs. OFC palatal keratinocytes are lacking.
We hypothesized that genes related to crucial cellular processes for palatogenesis, such as proliferation, migration, adhesion, differentiation and apoptosis, are deregulated in keratinocytes derived from OFC patients. To test our hypothesis, we firstly performed microarray analysis on palatal keratinocytes obtained from OFC patients (further referred to as OFC keratinocytes) and non-OFC individuals (further referred to as non-OFC keratinocytes). Gene ontology (GO) analysis revealed enrichment of genes involved in adhesion and migration. The expression of these genes was then validated with qPCR in both affected and unaffected cells. Finally, our scratch assay confirmed that migration of OFC keratinocytes was reduced in comparison with non-OFC keratinocytes.
Materials and Methods

Subjects and Tissue Sampling
The OFC group consisted of 15 children, 10 males and 5 females (aged 1.5 ± 0.2 years), with non-syndromic cleft palates (with or without a cleft lip and alveolus). The OFC group contained 5 subjects with cleft palates only and 10 subjects with a cleft lip and palate. The non-OFC control group consisted of 7 males and 8 females (aged 1.9 ± 0.4 years) without congenital malformations. All subjects gave their informed consent. In the OFC group, 3 mm biopsies of the hard palate mucosa were taken about 1 cm from the medial edge of the cleft during the primary surgical closure. In the non-OFC group, a similar biopsy was taken during a tonsillectomy at about 1 cm from the midline of the hard palate. Palatal keratinocytes were cultured from the biopsy specimens according to a previously reported method [16] . The study protocol was approved by the Central Ethical Committee of The Netherlands (Poz.o544C).
Cell Culture
For the microarray assay, palatal keratinocytes (passage 3) were thawed and cultured in T75 flasks in 10 mL keratinocyte serum-free medium (K-SFM) (Gibco, Invitrogen, 10744019) with supplements and incubated at 37 • C. Once the cells reached 80-90% confluence, they were cultured for an additional 24 h in fresh medium. Subsequently, the cells were washed with cold phosphate-buffered saline (PBS), lysed in RLT buffer (RNeasy Mini Kit ® ) containing β-mercaptoethanol, and stored at −80 • C.
RNA Isolation and Microarray Expression Analysis
Total RNA was extracted using the RNeasy Mini Kit ® (Qiagen, 74104, Hilden, Germany) according to the manufacturer's protocol and quantified spectrophotometrically. Sample quality was analysed using the Agilent 2100 Bioanalyzer ® (Agilent Technologies, Santa Clara, CA, USA). RNA was pooled randomly into 5 pools of 3 non-OFC or 3 OFC subjects. Each pool contained the same amount of RNA from each cell line. A total of 6 µg RNA from each pool was used for cDNA synthesis. A total of 10 µg labelled cDNA was hybridized to the Human Genome U133 Plus 2.0 Array ® (Affymetrix, Santa Clara, CA, USA) according to the manufacturer's protocol at the Department of Human Genetics, Radboud Institute of Molecular Sciences, Nijmegen, The Netherlands. Arrays were scanned with a GeneChip ® Scanner 3000 (Affymetrix).
Affymetrix CEL files were imported into Affymetrix Expression Console version 1.1. Control probes were subsequently extracted using the default RMA algorithm for quality analysis. The area under the curve (AUC) of the receiver operator characteristic was calculated using the positive and negative control probes. All arrays had an AUC score above the empirically defined threshold of 0.85 indicating a good separation of the positive controls from the negative controls. Subsequently, CEL files were imported into Partek (Partek Genomic Suite software, version 6.4; Partek Inc.) where only core exons were extracted and normalized using the RMA algorithm with GC background correction. Core transcript summaries were calculated using the mean intensities of the corresponding probe sets [17] . Principal component analysis was used as quality control and was performed with the python package scikit-learn, version 0.17.1 (http://scikit-learn.org). Samples were divided in two groups, OFC patient cells and non-OFC controls. A paired t-test was performed on the 2 log intensities. The fold changes between OFC and non-OFC samples were calculated from these data. Gene Ontology (GO) analysis was performed on differentially regulated genes (p < 0.001) using the DAVID Bioinformatics Resources website [18, 19] , and genes were further prioritized using known adhesion genes (CDH3, FBLIM1, ITGB1, LPP, MLLT4, ARHGAP26, SMAD7 and TNS3) as the training set in Endeavour software. Therefore, the final gene list also contains genes with a p-value > 0.001. Expression differences for genes of interest were subsequently validated using qPCR.
Reverse Transcription and Real-Time Quantitative PCR
cDNA was synthesized from 1 µg total RNA of the individual cell lines using the SuperScript ® II Reverse Transcriptase (Invitrogen, 18064022, Carlsbad, CA, USA) according to the manufacturer's protocol and followed by digestion with the Deoxyribonuclease I, Amplification Grade ® (DNase I, Amp Grade) (Invitrogen, 18068015). Real-time quantitative PCR (qPCR) was performed in duplicate in a total reaction volume of 25 µL containing 12.5 µL SYBR Green Supermix ® (Bio-Rad Laboratories, 1708885, Hercules, CA, USA), 5 µL of cDNA, 4.5 µL of RNAse-free water, 3 µL of 2.5 µM forward primer and 3 µL of 2.5 µM reverse primer. All primers were designed with exon spanning wherever possible and were obtained from Biolegio ® (Nijmegen, the Netherlands). Primer sequences are provided in Supplementary Table S1 . The cDNA amount was amplified in the C1000 Thermal Cycler ® (Bio-Rad Laboratories), and fluorescence was analysed using the CFX96 IVD Real-Time PCR System ® (Bio-Rad Laboratories). The PCR conditions were one cycle at 95 • C for 3 min, followed by 39 cycles of 95 • C for 15 s and 60 • C for 30 s, and finally a temperature increase from 65 • C to 95 • C at 0.5 • C intervals. The gene expression was normalized to that of human acidic ribosomal protein P0 (hARP) and presented as 2 −∆Ct . We used hARP as a housekeeping gene because it is more stable in keratinocytes than actin or GAPDH [20] .
Initial statistical analysis revealed that the expression values of two non-OFC (C4 and C13) and two OFC (H196 and H247) cell lines deviated more than two standard deviations from the mean for the majority of the genes. Therefore, these four cell lines were excluded for the final analysis.
The expression values of CDH3 and THBS1 were 10 log transformed because of non-normal distribution. The difference between the expression of the candidate genes in OFC cells and non-OFC cells was tested with an unpaired t-test. A value of p < 0.05 was considered significant.
Immunostaining of Tissue Samples
Tissue samples were fixed for 4 h in 4% paraformaldehyde in 0.1 M phosphate buffer at room temperature and embedded in paraffin. Serial sections (5 µm) were cut, mounted on Superfrost-Plus slides (Menzel-Gläser), deparaffinated and rehydrated. Immunohistochemical staining was performed using the avidin-biotin-peroxidase complex method. For the β1 integrin staining, sections were pre-treated with 0.1% trypsin (Sigma-Aldrich, T4799-25G) in PBS for antigen retrieval. For the P-cadherin staining an additional microwave treatment in citrate buffer was performed. Sections were then incubated with a mouse monoclonal 1-integrin antibody (1:100)) (Santa Cruz, Dallas, Texas, USA, sc9970) or a rabbit polyclonal P-cadherin antibody (1:400) (Abcam, Cambridge, UK, ab190076). Then the sections were incubated with a biotinylated secondary antibody (1:500) (Jackson ImmunoResearch, Cambridgeshire, UK). Subsequently, the avidine-biotin complex was applied. Finally, the sections were stained with a di-amino benzidine solution (Sigma-Aldrich, D5637-1G) and counterstained with Mayer's haematoxylin.
Scratch Assay
Palatal keratinocytes (n = 15 for both OFC and non-OFC samples) were cultured in triplicate in 24-well flat bottom plates (1 × 10 5 cells/well) and incubated at 37 • C. When cells reached confluence, the monolayer was scratched with a p-200 pipette tip to create two uniform cell-free lines of 843 ± 9 µm width in each well crossing each other at a 90 • angle. The 0 h scratch width was determined by averaging 10 separate cultures of non-OFC cells after staining. After removal of the detached cells by gently washing with PBS in the experimental cultures, the adherent cells were incubated in K-SFM without supplements for 16 h to observe migration. After 16 h, the cells were washed with PBS three times, and fixed with 4% paraformaldehyde at room temperature for 30 min. Then cells were washed three times with ddH 2 O and stained with 0.1% crystal violet at room temperature for 30 min. The cells were washed again three times with ddH 2 O and were dried in the hood. The width of the scratches was measured at 12 predetermined locations (6 locations on each scratch line) in each well using a transparent indicator sheet. Photographs were made with a Leica MZ12 microscope ® (Leica Microsystems, Wetzlar, Germany) equipped with a digital camera.
The mean migration distance was determined for each well and the mean with standard deviation was calculated for the three replicate wells. The difference between the original width of the scratch and the width after 16 h was expressed in µm. The mean migration was calculated as the mean difference between the original width of the scratch and the width after 16 h. Subsequently, the difference between OFC and non-OFC samples was tested by an unpaired t-test. A value of p < 0.05 was considered significant.
Results
Microarray Analysis
The Human Genome U133 Plus 2.0 Array (Affymetrix) covering over 47,000 transcripts has been used for the microarray analysis. PCA analysis showed a clear difference in gene expression between the two cell types, with 24% and 17% for the first and second component, respectively (Figure 1 ). Using the significance of differentially regulated genes (p < 0.001), 228 genes were identified, and among them, 50 genes were upregulated and 178 genes were downregulated in OFC keratinocytes vs. non-OFC keratinocytes.
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Gene Ontology Analysis
In order to analyse the functional annotation of the 228 differentially expressed genes, we performed Gene Ontology (GO) analysis using the DAVID Bioinformatics Resources website [18, 19] . GO analysis showed an enrichment of genes related to adhesion and migration ( Supplementary Table  S1 ). Next, to identify more genes involved in adhesion and migration in our dataset, we used Endeavour software [21, 22] and a panel of known adhesion genes (CDH3, FBLIM1, ITGB1, LPP, MLLT4, ARHGAP26, SMAD7 and TNS3) as the training set to prioritize and expand the gene list. This analysis resulted in 21 genes related to adhesion (ARHGAP26, CDH3, DOCK5, DST, EGFR, FBLIM1, ITGA3, ITGB1, ITGB4, JAK1, LAMA3, LAMC1, LPP, MICAL2, MLLT4, PARVA, PXN, SMAD7, THBS1, TNC and TNS3), all downregulated in OFC keratinocytes vs. non-OFC keratinocytes. Table 1 summarizes the statistical analysis and the raw array data of these genes. 
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Validation of the Prioritized Genes
Among the final 21 genes, 4 genes (ARHGAP26, DOCK5, SMAD7 and TNS3) were hardly expressed in the individual cell lines based on qPCR analysis and were not studied further. We performed qPCR analysis to validate the remaining 17 genes. Six genes (CDH3, ITGB1, JAK1, LAMA3, THBS1 and TNC) were significantly downregulated in OFC keratinocytes vs. non-OFC keratinocytes. The validation of LPP was considered not reliable due to high C t values (>30). The results of the qPCR validation are provided in Figure 2 . 
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Immunostaining of Tissue Samples
Tissue samples from the palate of OFC and non-OFC individuals were stained for β1 integrin and P-cadherin (CDH3) (Figure 3 ). The β1 integrin subunit was mainly expressed in the basal layer of the epithelium and in the basement membrane. No obvious differences were observed between 
Tissue samples from the palate of OFC and non-OFC individuals were stained for β1 integrin and P-cadherin (CDH3) (Figure 3 ). The β1 integrin subunit was mainly expressed in the basal layer of the epithelium and in the basement membrane. No obvious differences were observed between OFC and non-OFC tissues. P-cadherin was mainly expressed in the upper layers of the epithelium excluding the cornified layer (Figure 3) . Considerable variation was observed in the extent of the expression. No obvious differences were observed between OFC and non-OFC tissues. 
Functional Validation: Scratch Assay
In order to analyse the impact of the downregulated genes on the migration of palatal keratinocytes, we performed a scratch assay. The migration of OFC keratinocytes (343.6 ± 29.62 μm) was significantly reduced compared to that of non-OFC keratinocytes (503.4 ± 41.81 μm) ( Figure 4A ). Figure 4C shows the average migration of non-OFC and OFC keratinocytes. 
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Discussion
To investigate possible deregulated cellular processes in OFC, we performed expression microarray analyses with pooled RNA samples from palatal keratinocytes from OFC patients and non-OFC individuals. The keratinocytes were isolated from patients of about 1.5 years of age and are obviously not identical to the embryonic cells that took part in the fusion process. However, we assume that the postnatal cells still contain some (epi) genetic traits that have contributed to the aetiology of clefting. This is corroborated by previous studies in palatal fibroblasts from patients showing remarkable differences in gene expression compared to fibroblasts from control subjects [12] [13] [14] . PCA of our microarray data also shows a clear difference in gene expression between OFC and non-OFC cells. GO analysis of the expression data revealed differential expression of genes involved in adhesion and migration between OFC and non-OFC keratinocytes. These data were then validated with qPCR expression analysis of individual cell lines. Finally, a scratch assay was performed to confirm the functional relevance of these findings. We found that a large part of the differentially expressed genes was linked to β1 integrin signalling and other pathways related to adhesion and migration.
Among the differentially regulated genes, several genes were related to the β1 integrin signalling pathway (ITGB1, ITGA3, ITGB4, LAMA3, LAMC1, THBS1 and TNC). Immunostaining showed that the β1 integrin subunit was similarly expressed in the basal layer of the epithelium in both OFC and non-OFC tissue samples. The gene expression of the integrin subunit β1 was significantly downregulated in OFC keratinocytes. Several β1 integrins, such as the α2β1, α3β1 and α9β1 integrins, 
Among the differentially regulated genes, several genes were related to the β1 integrin signalling pathway (ITGB1, ITGA3, ITGB4, LAMA3, LAMC1, THBS1 and TNC). Immunostaining showed that the β1 integrin subunit was similarly expressed in the basal layer of the epithelium in both OFC and non-OFC tissue samples. The gene expression of the integrin subunit β1 was significantly downregulated in OFC keratinocytes. Several β1 integrins, such as the α2β1, α3β1 and α9β1 integrins, are strongly expressed in basal keratinocytes and are involved in adhesion to the basal lamina [23] . Moreover, the ablation of β1 integrin in mouse epidermal keratinocytes strongly impairs their migration [24] . In addition, the expression of the integrin α3 subunit was slightly reduced in the microarray analysis. The integrin α3β1 regulates cell polarization and lamellipodia formation during keratinocyte migration [25] . This integrin binds to laminin 332, a major component of hemidesmosomes, which activates the focal adhesion kinase (FAK)/src pathway and the downstream Rac1 pathway [25] . The latter regulates polarization and lamellipodia formation during migration [26] . Interestingly, the expression of the laminin α3 subunit was also significantly reduced in OFC keratinocytes, which might impair laminin 332 function [27] . The expression of the laminin γ1 subunit was, however, upregulated in OFC keratinocytes. Laminin γ1 is a component of laminin 111, which is essential for basement membrane formation. Basement membrane formation is regulated by β1 integrin signalling [28] . Since the expression of the β1 integrin was significantly reduced in OFC keratinocytes, basement membrane formation might be disturbed. The integrin α9β1is known to bind to thrombospondin 1 and tenascin C, both of which are significantly reduced in OFC keratinocytes. Tenascin C is strongly expressed in migrating keratinocytes at the edge of a wound, while thrombospondin maintains the adhesion of basal keratinocytes to the basal lamina [29, 30] . The above data indicate that adhesion to and migration over the basal lamina is impaired in OFC keratinocytes.
Further evidence supporting the impairment of adhesion and migration in OFC keratinocytes comes from the differential regulation of the cadherin-related genes CDH3, JAK1 and MLLT4. P-cadherin immunostaining was similar in OFC and non-OFC tissue samples. The significantly reduced expression of CDH3 in isolated OFC keratinocytes might impair intercellular adhesion and force transmission as well as polarization and lamellipodia formation. The latter processes are regulated through activation of the Cdc42 pathway [31] [32] [33] . Interestingly, the expression of JAK1 was also significantly downregulated in OFC keratinocytes. Interaction of cadherins with the EGFR-activated JAK1/STAT3 signalling pathway regulates actomyosin contractility, which is essential for cell migration [34] [35] [36] . Downregulated expression of JAK1 might hamper the activation of the JAK1/STAT3 signalling and might result in reduced adhesion and migration of OFC keratinocytes. In addition, the expression of MLLT4 was reduced in OFC keratinocytes. Afadin 1 is an actin filament-binding protein that binds to nectin, an immunoglobulin-like cell adhesion molecule which is part of AJs together with cadherins [37] . A reduced expression of afadin 1 might disturb AJ formation. In fact, a mutation in nectin 1 (PVRL1) causes an autosomal recessive ectodermal dysplasia (CLPED1) characterized by OFC, syndactyly, and ectodermal dysplasia [38] .
The remaining downregulated genes are either involved in formation of the focal adhesion complex (PXN, PARVA and FBLIM1) or the hemidesmosome (DST and ITGB4). Two other genes are involved in actin organisation (MICAL2) and the activation of keratinocyte migration (EGFR). All of the abovementioned genes are involved in the regulation of adhesion and migration of keratinocytes. Hence, reduced expression of these genes probably impairs the adhesion and migration of OFC keratinocytes, which is also indicated by the scratch assay. Interestingly, it has been reported that fibroblasts from OFC patients seem to migrate faster than normal foreskin fibroblasts in a scratch assay [15] , and there is increased expression of TGF. The apparent difference in migration between keratinocytes and fibroblasts of OFC patients may be due to the intrinsic migratory properties of these cells.
In conclusion, here we show that adhesion and migration programs might be impaired in OFC keratinocytes, mainly due to reduced β1 integrin signalling and the reduced expression of several other genes. Adhesion and migration are essential for the correct formation of the secondary palate. Disruption of these processes might be induced by gene variations or epigenetic modifications that are preserved during embryogenesis and passed on to the postnatal cells. The data discussed in this study might be highly relevant to the etiopathogenesis of OFC. Yet, further research into the regulation of adhesion and migration is crucial to better understand the pathogenesis of OFC and ultimately to improve early diagnosis and prevention.
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